Objective To study the effect of BMI on the prevalence, severity, and 36-month progression of early degenerative changes in the knee by using 3T MRI in middle-aged subjects without radiographic osteoarthritis (OA). Materials and methods We examined baseline and 36-month follow-up MR studies from 137 middle-aged individuals (45-55 years old) with risk factors for knee OA but no radiographic OA from the Osteoarthritis Initiative. Subjects were grouped into three categories: normal BMI (BMI<25 kg/m 2 , n=38), overweight (BMI 25-29.9 kg/m 2 , n=37), and obese (BMI Q 30 kg/m 2 , n=62). Using 3T MRI, cartilage, meniscus, and bone marrow abnormalities were graded using the OA Whole-organ MR Imaging Score (WORMS). The statistical analysis was corrected as necessary for differences in age, sex, and OA risk factors other than BMI. Results The overall prevalence of lesions was 64% for meniscus and 79% for cartilage (including low grade lesions). At baseline, the prevalence and severity of knee lesions was positively associated with BMI, with a nearly fourfold increase in meniscal tears and more than twofold increase in high-grade cartilage defects in obese individuals relative to normal-weight subjects. Over the 36-month follow-up period, the number of new or worsening cartilage lesions of any grade was significantly higher in obese subjects (p=0.039), while there was no significant difference in meniscal lesion progression. Conclusion Obesity was associated with both higher prevalence and severity of early degenerative changes in the knee in middle-aged individuals without radiographic OA and with significantly increased cartilage lesion progression (of any grade) over 36 months.
Introduction
Osteoarthritis (OA) affects almost three-quarters of the U.S. population over the age of 65 and commonly affects the knees in elderly individuals [1, 2] . OA inflicts considerable costs on society including decreased economic productivity and often requires total joint replacement [3] [4] [5] [6] . Given that these costs will likely rise considerably over the coming years as the population ages and given the paucity of effective therapies, disease prevention is a major focus, and multiple key OA risk factors have been identified. In particular, multiple studies have demonstrated a strong association between obesity and radiographic knee OA [2, [7] [8] [9] .
Obesity is increasingly being recognized as a major worldwide public health threat, and approximately 72 million Americans are presently considered obese. Beyond the potentially life-threatening co-morbidities associated with obesity, including diabetes, cardiovascular disease, and cancer [10] , it is hypothesized that the growing obesity "epidemic" will dramatically increase the burden of OA on society. As such, establishing a link between obesity and early degenerative knee lesions in middle-aged patients would further underscore the need to address the obesity problem before it causes irreparable harm. MRI offers an ideal platform for studying the link between obesity and "early" OA [11, 12] . To date, however, the relationship between obesity and early findings of OA detectable on MRI has not been well established.
The Osteoarthritis Initiative (OAI) is a large ongoing nationwide longitudinal prospective study sponsored by the National Institutes of Health that combines clinical, serologic, and primarily knee joint imaging data obtained annually from 4,796 patients between 45 and 79 years old over a period of 8 years. Recently, the 36-month follow-up MRI studies were released, thereby providing a significant time interval over which to examine OA progression in relation to obesity.
The present study sought (1) to examine the influence of BMI on the prevalence and severity of early degenerative knee abnormalities (including meniscal and cartilage lesions) assessed with 3T MRI and (2) to determine the relative progression of these findings in relation to BMI over 36 months in a subgroup of middle-aged individuals from the OAI incidence cohort.
Materials and methods

Subjects
We studied the right knees of 137 individuals selected from the 4,796 participants in the OAI database (age range between 45 and 79 years old, with a skew towards older patients). The study protocol, amendments, and informed consent documentation were reviewed and approved by the local institutional review boards. Data used in the preparation of this article were obtained from the OAI database, which is available for public access (http://www.oai.ucsf.edu/). The following specific OAI datasets were used: baseline clinical (0.2.2), baseline image (0.E.1), 36-month follow-up clinical (5.2.1), and 36-month follow-up image (5.E.1).
The 137 individuals included in this study were highly selected from the OAI database. The following inclusion criteria were used: (1) individual assigned to the incidence cohort (as defined below; n=3,284), (2) age 45-55 years, (3) availability and acceptable quality of baseline and 36-month follow-up right knee MRIs (with coronal and sagittal FSE sequences), (4) Western Ontario and McMaster University (WOMAC) knee pain score of zero during the week prior to the baseline enrollment visit (approximately 1-2 days before the MRI). Thereafter, we interpreted the baseline visit right knee radiographs of these subselected individuals (n=174) and retained only subjects with Kellgren-Lawrence (KL) grade 0 or 1 at the baseline visit (n=137) [13, 14] . Therefore, our 137 study subjects were middle-aged (45-55 years old) and asymptomatic at baseline (based on WOMAC score) with OA risk factors but no radiographic OA. Of the 137, 38 had a normal BMI<25 kg/m 2 , 37 had BMI between 25 and 29.9 kg/m 2 (overweight), and 62 had BMI ≥ 30 kg/m 2 (obese). Participants in the OAI incidence cohort did not have symptomatic OA in either knee at baseline. Symptomatic OA was defined as the presence of KL grade 2 or greater and, in the same knee, frequent symptoms during the past year. However, they had to have at least one of the following knee OA risk factors: (1) knee symptoms ("pain, aching, or stiffness in or around the knee" or "frequent use of pain medication" for at least 1 month but not on most days in the past 12 months), (2) overweight or obesity, (3) prior knee injury, (4) prior knee surgery, (5) history of knee replacement in a parent or sibling, (6) Heberden's nodes, and (7) frequent knee bending activity (repetitive activities involving bending, squatting, kneeling, climbing, or lifting).
WOMAC questionnaires
The Western Ontario and McMasters (WOMAC) Osteoarthritis Index is a well-established clinical tool used to quantify OA symptoms in the knee, including pain, stiffness, and physical function [15] . Specifically, pain was assessed during walking, stair climbing, rest, nocturnal bedrest, and weight-bearing. In our study, participants were required to have a WOMAC pain score of 0 (i.e., no pain during any of these five activities) to exclude subjects with right knee pain in the 7 days prior to the baseline MRI.
Imaging
Radiographs
Baseline standing right knee radiographs were obtained using postero-anterior (PA) "fixed flexion" technique (20-30°of flexion and 10°of internal rotation). Two radiol-ogists (W.V. and L.N.) analyzed baseline radiographs in consensus using the KL grading scale [13, 14] .
MRI
Baseline and 36-month follow-up right knee MRIs were obtained using 3.0T scanners and standard knee coils (Siemens, Erlangen, Germany). The following four sequences were acquired and used for image analysis: fatsuppressed sagittal and coronal 2D intermediate-weighted (IW) fast spin-echo (FSE) sequences, sagittal 3D dual-echo in steady state (DESS) sequence (with axial reformations), and a 3D fast low angle shot (FLASH) sequence with selective water excitation (WE) [14] .
MR image analysis
Following standard clinical radiology practice, paired readings (i.e., not blinded to time point) of baseline and followup MRIs were performed using PACS workstations (Agfa, Ridgefield Park, NJ). As part of a "training period," three radiologists (M.A.L., 4th year radiology resident; W.V., board-certified radiologist with 1 year of MSK fellowship training; L.N., 4th year radiology resident) and a senior MSK radiologist (T.M.L., more than 20 years of experience in MSK radiology) analyzed 30 MRI studies to arrive at a consensus reading and calibrate thresholds for grading abnormalities. The remaining studies were then reviewed independently by the three radiologists. In those instances where scores were not identical, consensus readings were performed with the senior MSK radiologist (T.M.L.).
Degenerative knee abnormalities were semiquantitatively evaluated on all MR images using a modified Whole-organ MR Imaging Scoring (WORMS) method [16] . Given the small number of high-grade lesions expected in our cohort with no radiographic OA and as established in previous studies [17, 18] , cartilage and subchondral bone marrow edema abnormalities were assessed separately using the following 6 rather than the original 15 WORMS regions: patella, trochlea, medial/lateral tibia, and medial/lateral femur. Cartilage lesions were graded using the standard WORMS 8-point scale [16] . Similarly, subchondral bone marrow lesions were defined as poorly marginated areas of increased T2 signal intensity and graded using a modified 4-point WORMS scale: 0, none; 1, diameter 0-5 mm; 2, 5-20 mm; 3, >20 mm.
Meniscal lesions were graded separately in six regions (medial/lateral and anterior/body/posterior) using the following 4-point scale: 0, normal; 1, intrasubstance abnormal signal; 2, nondisplaced tear; 3, displaced or complex tear; 4, complete destruction/maceration. As established in previous studies [17, 18] , intrasubstance degeneration was added to the WORMS classification to permit the inclusion and quantification of early degenerative disease. Summation (WORMS Sum) and maximum (WORMS Max) scores were calculated for each joint structure. For example, a patient with a WORMS grade of 3 in the anterior horn of the medial meniscus, and grade 1 lesions in the other five meniscus compartments, would have a meniscal WORMS Sum of 8 but only a WORMS Max of 3. As such, a WORMS Sum score greater than 0 in any joint structure indicated an abnormal knee. Similarly, a WORMS Max score greater than 1 in a patient's meniscus indicated a small tear or worse, while in a patient's cartilage, it identified at least a partial thickness defect. The WORMS Max score could be used to exclude lesions characterized only by signal abnormalities (i.e., grade "1" lesions without associated morphologic alteration).
In the 36-month longitudinal analysis, progression was defined as any change involving previously intact knees with new meniscal or cartilage lesions, or existing lesions that worsened. Progression of any grade (i.e., changes in signal only or more severe changes in morphology) was detected by identifying additional or worsening lesions from baseline to follow-up. Similarly, progression to higher grade (any change leading to at least partial meniscal tears or cartilage defects, excluding progression from WORMS grade 0 to 1) was detected using a WORMS Max "delta>0" analysis.
Statistical analysis
At baseline, one-way analysis of variance (ANOVA) was used to compare differences in clinical parameters such as age between categories, e.g., different weight categories defined using BMI ranges. Pearson chi-squared tests were used to compare differences in OA risk factors across the various groups. Finally, multivariate linear and logistic regression models compared the prevalence and severity of knee lesions between categories. Sex, age, and a history of prior knee surgery were identified as significant covariates and corrected for in the statistical analysis. The other five OA risk factors did not affect the p-values. Age was treated as a continuous variable.
In the longitudinal analysis, multivariate linear and logistic regression models were used to compare the change in WORMS scores over 36 months (WORMS Max delta>0) between BMI groups. The statistical model corrected for the only significant covariate in this analysis: a history of prior knee surgery. The level of statistical significance was defined as p<0.05 for all calculations. Statistical analysis was performed using SPSS version 17.0 for Windows (IBM, Chicago, IL).
Reproducibility analyses
Inter-and intra-observer reproducibility measurements were obtained using 10 randomly selected baseline patient image sets. Two radiologists (M.A.L., W.V.) independently analyzed each image set on two separate occasions. Intra-class correlation coefficients (ICC) for meniscus and cartilage lesions were used to compare the exact WORMS score in each compartment by treating the data as a continuous variable.
Results
Relationship among BMI, subject characteristics, and structural knee abnormalities The entire patient cohort had a mean age of 50.9 ± 2.8 years and an average BMI of 29.0 ± 4.5 kg/m 2 . Table 1 outlines the baseline distribution of patient characteristics and OA risk factors according to BMI category. Among the various OA risk factors, only the prevalence of knee symptoms proved to be statistically different between BMI categories: 87% in normal BMI subjects, 97% in the overweight, and 71% in the obese (Table 1) . Table 2 compares the location and severity of morphological knee abnormalities across the three BMI groups. Meniscus lesions were found more frequently in overweight (28/37; 76%) and obese (46/62; 74%) subjects than in normal BMI subjects (13/38; 34%; p=0.03), and findings were significant even after correcting for the significant covariates (sex and a history of knee surgery). Similarly, more severe lesions (WORMS Max>1) were more common in the overweight and obese subjects (38% and 31%, respectively) than in normal-BMI subjects (8%; p=0.014). Multiple lesions in different meniscus compartments also occurred more often in overweight and obese subjects. While obese and overweight subjects had a substantially higher number of lesions in the medial and lateral meniscal bodies, normal subjects had a higher percentage of lesions in the posterior horn of the medial meniscus (Table 2) .
A similar analysis demonstrated that subjects with higher BMI also had a higher prevalence of cartilage defects (both mild and severe) and bone marrow abnormalities than normal BMI subjects (p < 0.05) ( Table 2 ). The patellar cartilage was the compartment most frequently involved in all BMI categories. While cartilage lesions were relatively more prevalent in the lateral tibia in overweight and obese subjects, patellar lesions were found with relatively greater frequency in patients with normal weight. Comparing actual meniscus and cartilage WORMS Sum and Max average scores (as opposed to lesion prevalence) highlighted the same strong positive relationship between the number and severity of lesions and BMI (p< 0.001). Of the potential adjustment parameters, only age was identified as a significant covariate in the WORMS Max>1 analysis, and it was corrected for.
Very obese subjects and structural knee abnormalities 2 ). The average meniscus WORMS Sum score suggested a similar relationship. Given the small sample size of severely obese subjects (10 patients), however, these differences were not statistically significant (p=0.35).
Longitudinal analysis and OA progression
To evaluate the progression of early degenerative changes in meniscus and cartilage over the 36-month follow-up period, knees with changes of "any grade" and "higher grade" (as described above) were compared across the three BMI categories. A statistically significant progression in the number of knees with cartilage lesions of "any grade" was identified in the obese group (p=0.039): normal BMI 10/38 (26%), and obese 29/62 (47%). Progression was also detected with respect to "higher grade" cartilage defects and meniscal lesions of "any grade"; however results did not reach statistical significance due to the relatively small number of changes (Table 3) . No significant progression was identified for bone marrow abnormalities. The relative distribution of cartilage and meniscus lesions by anatomic location appeared unchanged at baseline and follow-up. Examples of degenerative disease progression are provided for the meniscus (Fig. 1 ) and for cartilage (Fig. 2) .
Reproducibility of clinical readings
The ICC for interobserver agreement was 0.89, while the ICC for intra-observer agreement was 0.93 and 0.86 for meniscus and cartilage lesions, respectively. These findings demonstrate good WORMS grading reproducibility.
Discussion
This study examined the effect of BMI on the prevalence and progression of right knee abnormalities (cartilage, meniscus, and bone marrow lesions) diagnosed on 3T MRIs in middle-aged individuals without radiographic or clinical OA. At baseline, the prevalence and severity of focal knee lesions increased with BMI. Over the 36-month follow-up period, the number of new or worsening cartilage lesions of "any grade" was significantly higher in obese subjects. Obesity, however, did not confer an increased risk of meniscal or bone marrow lesion progression over 36 months.
Obesity has long been recognized as an important risk factor for OA [7, 8, [19] [20] [21] [22] [23] . Coggon et al. reported that subjects with a BMI>30 kg/m 2 were 6.8 times more likely to develop knee OA than normal-weight controls [8] . Consistent with this result, a recent meta-analysis by Blagojevic et al. showed that the pooled odds ratio for developing OA was 2.96 for overweight and obese subjects compared to normal-weight controls [24] . Despite this evidence, there are few data regarding the effect of BMI on the development of early degenerative changes in the knees of younger patients that may be precursors of eventual radiographic OA lesions [25] [26] [27] . We therefore undertook this study and focused on middle-aged, non-OA A B patients with OA risk factors who would be most likely to benefit from early intervention. Our results indicate a higher overall prevalence of meniscal lesions than previously reported by other investigators [17, 25, 28, 29] . This difference can be explained at least in part by the inclusion of grade 1 lesions in our analysis (i.e., abnormalities in signal without associated tears), and the use of high field strength 3T scanners to acquire images in our study. In contrast to Stehling et al. [17] , who also analyzed baseline incidence cohort OAI data from asymptomatic middleaged non-OA patients, our overall prevalence of meniscal lesions was higher (64 vs. 47%). This is likely due to the high proportion of obese patients in our cohort (45%), whereas they had specifically excluded patients with BMI> 27 kg/m 2 . Indeed, the prevalence of meniscus lesions was only 34% in our subgroup of 38 patients with BMI<25 kg/m 2 (Table 3) . Furthermore, we found a nearly identical number of meniscal tears as Englund et al. [25] (26 vs. 23%, respectively), whose cohort characteristics were very similar to ours (including average BMI), although their subjects were older than ours on average (62.3 ± 8.6 vs 50.9 ± 2.8 years old) and they were not selected based on OA risk factors (Framingham population). As found in prior studies [25, 30] , we noted a higher percentage of meniscal tears in men than women (36 vs. 13%). Overall, our data support Englund et al.'s conclusion that asymptomatic meniscal tears are common in middle-aged individuals.
We found a significantly higher prevalence and severity of degenerative knee lesions in overweight and obese patients compared to normal BMI subjects. Other studies have described an association between meniscus or cartilage abnormalities on MRI and higher BMIs, but only as secondary findings and without adjusting for potentially confounding factors (including KL scores) [25, 26] .
Higher BMI was associated with an alteration of the anatomical distribution of meniscal and cartilage abnormalities in our study. Among knees with meniscal lesions, those in overweight and obese patients were more likely to have disease in the bodies of the medial and lateral menisci than normal BMI subjects. Similarly, among knees with cartilage lesions, those in overweight and obese subjects were more likely to have cartilage defects in the lateral tibia, while patellofemoral joint cartilage abnormalities were more prevalent in normal BMI subjects. Our findings in normal-weight subjects were expected, as tears in the posterior horn of the medial meniscus are typically the most common [30] , and patellofemoral degenerative changes are most frequently seen in thin, active individuals [18] . The altered lesion distribution in heavier patients may be due to different force vectors affecting the knees in our subset of patients with BMI>25 kg/m 2 . Interestingly, while the total number of meniscal and cartilage lesions increased with BMI, this trend appeared to reverse in very obese subjects (BMI>35 kg/m 2 ), although this reversal was not statistically significant, likely due to the small sample size (10 subjects). A possible explanation for this finding is that very obese people are likely less physically active, such that the total load on their knee joints over a given period is lower, even though the effects of gravity are more significant with each individual activity.
Over the 36-month follow-up period, significant progression in the number of knees with cartilage lesions of "any grade" was identified in the higher BMI groups. MR imaging indeed has proven sensitivity to detect signal and morphologic changes in knee structures within relatively short time periods, such as 1-2 years [12, 31, 32] . Of note, the relative anatomical distribution of knee lesions within each BMI subgroup did not change significantly in our study at 36-month follow-up, unlike in Biswal et al. [31] . We also identified progression to "higher-grade" cartilage defects and for meniscal lesions of "any grade." However, these observations were not statistically significant, perhaps due to the relatively short 36-month follow-up interval and/ or relatively small sample size. Raynauld et al. indeed found that BMI and weight were predictors of greater cartilage volume losses [32] . Similarly, prior studies based on radiographs demonstrated that overweight patients are at higher risk of OA progression [23, 33, 34] . As recently described, potential biases arising from methodological difficulties in studying the progression of knee OA may also partially explain the relative difficulty of reaching statistical significance in part of our analysis [35] . Alternatively, our findings may indicate that obesity is more of a risk factor for knee lesion incidence than for progression, as suggested by Cooper et al. [23] and Niu et al. [36] . If this is in fact true, our findings would further underscore the need to address the obesity problem as early as possible in a patient's life. Further studies looking at younger patient populations would be helpful to determine at what age these changes begin to occur.
There are limitations to our study. First, we focused on degenerative changes found only on MRI as markers of "early degenerative disease" in the knees of relatively young subjects without symptomatic OA. Furthermore, we included grade 1 lesions (MR signal abnormalities) in our analysis to increase our sensitivity for early structural changes. It remains to be proven which, if any, of these early lesions eventually progress to radiographic and/or symptomatic OA. Nevertheless, a number of studies have found that meniscal tears and cartilage defects are predictors of cartilage loss and eventual joint replacement [37] , and our study demonstrated that both of these types of lesions are more common in obese individuals. Second, despite our attempts to adjust for potential covariates such as age, gender, and well-established OA risk factors, other unknown confounding factors may not have been accounted for. Third, paired interpretation of the baseline and follow-up images was performed (i.e., not blinded to time point), as they are in clinical settings. This may have provided a more sensitive reading in some cases, as more severe cartilage and meniscal lesions are unlikely to regress. However, this method of reading paired studies may have introduced bias in each reviewer's lesion progression determination. Note, however, that investigators were blinded to patient information (including BMI) while interpreting the studies, and no attempt was made to infer relative obesity levels based on the amount of subcutaneous fat.
Conclusion
In summary, the results of this study demonstrate that obesity is associated with higher prevalence and severity of early degenerative changes of the cartilage and menisci in the right knee in middle-aged individuals without radiographic OA. Over the 36-month follow-up period, significant progression in the number and grade of cartilage lesions was also identified in obese subjects. Obesity, however, did not confer an increased relative risk of lesion progression for meniscal lesions or high-grade cartilage defects. Given the concern that these early lesions could progress to disabling symptomatic OA over time, and the personal and societal burdens imposed by OA, our findings underscore the importance of public health initiatives aimed at controlling obesity, especially in younger, still asymptomatic patients.
